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Abstract

This report is an assessment of matrix filters as a tool for localization and detection
problems in passive sonar. The outputs of an array of sensors, at some given frequency,
can be represented by a vector of complex numbers. A linear filtering operation on the
sensor outputs can be expressed as the multiplication of a matrix (called a matrix filter)
times this vector. The purpose of a matrix filter is to attenuate unwanted components
in the measured sensor data while passing desired components with minimal distortion.
Matrix filters are designed by defining an appropriate pass band and stop band and
solving a convex optimization problem. This report formulates the design of matrix
filters for passive sonar and gives two examples.

1 Introduction

We propose the use of matrix filters for passive sonar signal processing. The outputs of an
array of N sensors, at some given frequency, can be represented by a vector, x, of complex
numbers. A linear filtering operation on the sensor outputs can be expressed as a matrix
multiplication, y = Mx, where M is an N x N matrix of complex numbers. The purpose of
a matrix filter is to attenuate unwanted components in the measured sensor data, x, while
passing desired components with minimal distortion. Matrix filters are designed by defining
an appropriate pass band and stop band and solving a convex optimization problem. The
design of matrix filters by convex optimization was proposed in [1], which includes examples
of frequency selective filters and Hilbert transform filters for short time series. In this report
we show how to design filters that are useful for detection and localization problems in
passive sonar.

2 Data Model

Consider a vertical array of N sensors located at depths 2;1,---,2n, and a cw acoustic
source at frequency wg located at a depth z and a range r from the array. Under certain

DISTRIBUTION STATEMENT A

Approved for Public Release
Distribution Unlimited 5 0 6 7




assumptions [2], the Fourier transform of the sensor outputs, evaluated at wp, can be written
as

a(r,z) = sQa(r,2) +n, (1)
where
[ $1(z1) -+ dql21)
Q= )
L d1(zn) - dqlen)
i _\/%ﬂzle(jh—mr (2)
Tkl
a(r,z) = : ,
V2r49(2) (ikg-1a)r
I ;;er

s is a complex scale factor, and n is a vector of noise samples. The functions ¢;(z),

i = 1,---,Q are the normal modes associated with the acoustic environment; they can
be calculated numerically using a program such as KRAKEN ([3]. The numbers ki, -, kqQ
and 71,---,7¢Q are the horizontal wavenumbers and mode attenuation coefficients, respec-

tively, and are also calculated by KRAKEN. The vector a(r,2) in (1) is referred to as a
replica vector. In what follows, all replica vectors are normalized to unit length and the
dependence on range and depth is not shown explicitly.

3 Matrix Filter Design

Matrix filters are designed using a set of replica vectors defined over a region of range and
depth. The pass band set, P, consists of replica vectors in a given range/depth region that
should “pass” through the filter with only a small, specified, amount of distortion. The stop
band set, S, consists of replica vectors that should be attenuated as much as possible by
the filter. The replica vectors in P and S are calculated at grid points in range and depth
and are normalized to have unit length. Replica vectors that are not in either P or S may
be thought of as defining a “don’t care” region in range and depth. Don’t care regions are
used to separate the pass and stop bands so that the filter is not asked to simultaneously
pass and attenuate very similar replica vectors. A typical definition of pass and stop bands
is shown in Fig. 1. The design specifications for a matrix filter, M, are given in terms of
convex functions of the filter response. For example, the stop band performance is specified
by the function

¥(M) = max IMal)?, ' @)

which measures the maximum energy in the filter stop band response.
We have used two different pass band formulations. The first requires that replica vectors
in the pass band pass through the filter with distortion less than a specified tolerance. This




Figure 1: Pass band and stop band regions for a matrix filter.

requirement is written as
IMa-al?<B, acP (4)

where £ is a user-specified constant.

A second pass band formulation is motivated by a matched-field source localization
technique known as the Bartlett processor [4]. Given a data vector d observed on the sensor
array and replica vectors a from a range/depth search region, R, the Bartlett processor
computes

la®d[®
af®
The range and depth associated with the replica vector that produces the maximum value
in the above equation is taken as the estimate of the source range and depth.
A pass band formulation motivated by the Bartlett processor is:

a€R. (5)

|1 —afMa|?> < and [M|>? <1+¢, a€P. (6)

The first inequality above can be used to derive the following bound on the Bartlett surface -
for the matrix filter output in the pass band:

(1-e)? < |affMal? < (1 + /)2

Thus, by choosing €; appropriately, the Bartlett surface for the filter output in the pass
band can be made arbitrarily close to unity. The second inequality in equation (6) keeps
the maximum energy gain of the filter close to unity across the pass band.

Matrix filters are calculated by solving an optimization problem; namely, minimize the
stop band energy subject to a pass band constraint. The filter design optimization problem
using the first pass band formulation is:

mNiIn ¥(M), subject to equation (4) . (7)
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Figure 2: Power response (||Mal|?) for a matrix filter designed using (7).

The optimization problem using the second pass band formulation is:

n&n (M), subject to equation (6) . (8)

It can be shown that the objective and constraint functions in (7) and (8) are convex
functions of the elements of M. Attractive features of convex optimization problems such
as (7) and (8) are that they can be numerically solved to a guaranteed accuracy, and
there are no local minima. We used the ellipsoid algorithm described in [5] to perform the
optimization.

As an example, we designed a matrix filter by solving (7) with 8 = 0.006. The pass
and stop bands were chosen as shown in Fig. 1, with replica vectors calculated every 10 m
in range and every meter in depth. The power response of this filter is shown in Fig. 2 as
a function of range and depth. The filter power reponse is less than 0.51 in the stop band
and greater than 0.9 in the pass band.

4 Simulation Examples

In this section we give some simulation results on the use of matrix filters in localization
and detection problems. We used a realistic simulated environment modeled after a region
in the Gulf of Mexico [6]. This is a 3-layer shallow-water environment comprised of water
over sediment over rock. A measured sound-velocity profile from the Gulf of Mexico was
used in the simulations. The environmental parameters describing this environment are
shown in Table 1. The receiving array for these examples is a 20-element vertical array of
sensors placed every 5 meters in depth from 10 to 105 m.

In the first example, consider two equal power 250 Hz sources. Source 1 is at a range of
4150 m from the receiving array and a depth of 5 m, and source 2 is at a range of 4250 m

4




Parameter Value
water depth 114 m
sediment sound speed | 1600 m/s
rock sound speed 1625 m/s
sediment attenuation | 0.5 dB/A
sediment density 1.85

rock density 2.2

Table 1: Environmental parameters for Gulf of Mexico environment

and a depth of 98 m. If the received signal consists of source 1 alone, the Bartlett processor
produces the output shown in Fig. 3. If the received signal consists of source 2 alone, the
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Figure 3: Bartlett surface for source 1.

Bartlett processor produces the output shown in Fig. 4. Note that the peaks of these plots
occur at the ranges and depths corresponding to sources 1 and 2, respectively. When the
received signal consists of both source 1 and source 2, the Bartlett processor produces the
output shown in Fig. 5. This plot has peaks in the locations corresponding to the two
sources but it also has about twenty false peaks!

We now apply a matrix filter to the two-source data before computing the Bartlett pro-
cessor. The matrix filter was designed by solving the optimization problem in equation (8)
with €, = 2.5 x 1073 and e; = 1.05. The pass band for this filter was defined from 4000
to 4250 m in range and 1 to 10 m in depth. Note that source 1 is in the pass band of this
filter. The output of the Bartlett processor operating on the matrix filtered two-source data
is shown in Fig. 6. The effect of source 2 has been removed and the Bartlett surface has a
peak at the location of source 1.
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Figure 4: Bartlett surface for source 2.
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Figure 5: Bartlett surface for sources 1 and 2.




Bartiett surface for sources 1 + 2 with fller

Figure 6: Bartlett surface for sources 1 and 2 with matrix filtering.

In the second example we use the matrix filter designed using (7), whose power response
is shown in Fig. 2. This filter is used as a “trip wire” to detect when a shallow source moves
through the filter pass band (4000-4250 m). The source is at 5 m depth and moving at 5
m/s. Fig. 7 shows the range of the source as a function of time as well as the matrix filter
power output, [|Md|[2/||d}|?, as a function of time. The filter output is computed every 25
seconds, as indicated by circles in the plot. The output stays below 0.51 while the source is
in the stop band, and exceeds 0.9 when the source is in the pass band. The three samples
at which the matrix filter output exceeds 0.9 correspond to source ranges of 4000, 4125,
and 4250 m.

5 Conclusion

This report introduced matrix filters as a tool for localization and detection problems in
passive sonar and gave two examples. The first example showed that matrix filters can
simplify the localization problem by effectively removing a source from the received data.
In this example the shallow source was in the pass band of the matrix filter. In practice, one
could use a bank of matrix filters whose pass bands cover a region of range. Filters whose
outputs exceeded a threshold would indicate the location of shallow sources. These sources
could be subtracted from the observed data before attempting to localize the submerged
source(s).

The second example showed that a shallow, moving source could be detected when it
reached the filter pass band of a fixed matrix filter. Future work will include further devel-
opment of these applications as well as the extension of matrix filter design to broadband
signals.
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Figure 7: Range to source and matrix filter power output versus time.

References

(1] R.J. Vaccaro and B.F. Harrison, “Optimal Matrix-Filter Design,” IEEE Transactions
on Signal Processing, pp. 705-709, March, 1996.

[2] H.P. Bucker, “Use of calculated sound fields and matched-field detection to locate sound
sources in shallow water,” J. Acoust. Soc. Am., vol. 59, pp. 368-373, 1976.

[3] M.B. Porter, “The KRAKEN normal mode program,” Tech. Rep. 6920, Naval Research
Laboratory, 1992.

[4] A.B. Baggeroer, W.A. Kuperman, and P.N. Mikhalevsky, “An Overview of Matched
Field Methods in Ocean Acoustics,” IEEE J. of Oceanic Eng., vol. 18, pp. 401-424,
1993.

[6] S.P.Boyd and C.H. Barratt, Linear Controller Design: Limits of Performance, Prentice-
Hall, 1991.

[6] J. Ianniello, “A MATLAB version of the KRAKEN Normal Mode Code,” Technical
Report TM 94-1096, Naval Undersea Warfare Center, Newport, RI, October 1994.




.1:215 Jeflerson Davis

Form Approved
REPORT DOCUMENTATION PAGE OMB No. 0704-0188
Public reporting burden for this collection of information i estmaled (o average 1 hoUF per rosp ﬁanmuanmf {’ tructk hing data sources,
?ﬁ%&&&i &mggknxmdﬁkmuummﬁ§WumuQﬁn thwmmP for Inf "”” b mﬂﬁ%ﬁ?““"mm"“mu“m“““wm

, Suite 1204, , VA 22202-4302 and to the Office of Management and Budget,

aperwork Reduction Project (0704-0188) Washw\glon OC 2050
PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT DATEX type 3. DATES COVERED (From - To)
15-03-2001 * Final 12-6-00 to 39-9-30
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Assessment of Matrix Filters for Passive Sonar
Interference Suppression 55 GRANT NUMBER

N66604-00-1-5182

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S)

5d. PROJECT NUMBER

Vaccaro, Richard J. Se. TASK NUMBER
5f. WORK UNIT NUMBER
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
University of Rhode Island REPORT NUMBER
110 Carlotti Administration Bldg. 5A
Kingston, RI 02881
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)
) NUWC
Naval Undersea Warfare Center, Code 5913
Simonpietri Drive 11. SPONSORING/MONITORING
Newport, RI 02841-1708 AGENCY REPORT NUMBER

Unlimited

12. DISTRIBUTION AVAILABILITY STATEMENT

13. SUPPLEMENTARY NOTES

14. ABSTRACT

frequency

a matrix
wanted co
minimal d

This report is an assessment of matrix filters as a tool for localization and

detection problems in passive sonar. The outputs of an array of sensors, at some given

, can be represented by a vector of complex numbers. A linear filtering op-

eration on the sensor outputs can be expressed as the multiplication of a matrix (called

filter) times this vector. The purpose of a matrix filter is to attenuate un-
mponents in the measured sensor data while passing desired components with
istortion. Matrix filters are designed by defining an appropriate pass band and

stop band and solving a convex optimization problem. This report formulates the design
of matrix filters for passive sonar and gives two examples.

15. SUBJECT TERMS

Spatial filter, passive sonar, interference suppression
16. SECURITY CLASSIFICATION OF: 17. LIMITATION OF 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
a. REPORT B. ABSTRACT [c. THIS PAGE | \DSTRACT OF PAGES Richard J. Vaccaro
19b. TELEPONE NUMBER (Include area cod9)
u u u uu 8 (401) 874-5816

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI-Std 239-18




